Abstract. Communication between hepatocellular carcinoma (HCC) cells and their environment is essential for the development and progression of HCC. Exosomes, which are microvesicles secreted by a number of cell types, are carriers of intercellular information and regulate the tumour microenvironment. Studies have demonstrated that exosomes are involved in the communication between HCC cells, endothelial cells and stem cells, and that they serve important roles in the metastasis and invasion, immune evasion and immunotherapy of HCC. In addition, the mechanism of HCC-derived exosome-mediated microRNA (miRNA) transfer is important in the environmental modulation of HCC growth and progression. As exosomes can be used for detecting and monitoring HCC, they can potentially serve as specific biomarkers for early-stage tumours and the tumour metastasis of HCC. Moreover, mesenchymal stem cell-derived exosomes can be transfected with miRNAs to inhibit HCC development. Therefore, as nucleic acid delivery vehicles, exosomes show a tremendous potential for effective treatment against HCC. In the present review, recent advances in our understanding of the source, composition and function of exosomes in HCC, and their potential value in the early diagnosis and treatment of HCC, are summarized.
Introduction
Primary liver cancer (PLC) is one of the most common malignant tumours, and hepatocellular carcinoma (HCC) is the most frequently occurring primary liver malignancy and a leading cause of cancer-associated mortality globally (1) . Despite advances in prevention, screening, and novel diagnostic and therapeutic technologies, the incidence and mortality rates have continued to rise, and the 5-year survival rate of patients with HCC is <20% (2, 3) . Therefore, the early diagnosis and treatment of liver cancer is of particular importance. At present, the serum α-fetoprotein (AFP) test is a common and important early diagnostic method of liver cancer, but this biomarker has a low specificity (4) . Determining the molecular mechanisms of the proliferation and metastasis of liver cancer, and identifying more specific biomarkers to prevent it, is vital to improve the survival rate for patients.
Exosomes are important as substance transport carriers for biological information exchange and in the regulation of the cellular microenvironment via the delivery of a range of biological molecules, including proteins, lipids and nucleic acids. Tumour cell-derived exosomes are involved in intercellular communication, tumour angiogenesis, tumour metastasis, and drug and radiotherapy resistance (5) (6) (7) . Studies have shown that cancer cells release a high level of exosomes and that the exosome components vary in different pathological and physiological conditions (8, 9) . The contents of exosomes are precisely adjusted in tumour cells, which suggests that the exosomes may serve an important role in the process of the tumour formation and development (10) . Therefore, the contents of exosomes appear to be specific diagnostic biomarkers for early-stage tumours and tumour metastasis (11) . In the present review, recent progress in our understanding of the biological mechanisms, diagnosis and treatments of exosomes in HCC are summarized.
Source, composition and function of exosomes
Exosomes are membranous vesicles released into the extracellular space by cells after fusion of intracellular multivesicular bodies to the cytomembrane (12) . The existence of such vesicles had been previously observed (13, 14) , but they were termed
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exosomes by Johnstone et al in 1987 (15 (20) . Exosomes are rich in content, and exosomes from different sources have been found to contain 9,769 types of proteins, 3,408 types of mRNAs and 2,838 types of microRNAs (miRNAs/miRs), according to the latest exosome database (http://www.exocarta.org/). The proteins and RNAs in exosomes are expressed at different levels in different diseases and physiological conditions (10) . More importantly, the expression of certain proteins and RNAs in the exosomes is specific to certain tissues and cell types (20) . Additionally, exosomes contain a variety of lipid molecules that can not only participate in a variety of biological processes, but also serve an important role in the morphological stability of exosomes in the extracellular fluid, protecting their contents from degradation by extracellular enzymes (21) . Accordingly, it can be hypothesized that the level of exosomes has great clinical potential as a non-invasive diagnostic method (22) .
Exosomes exist in the body fluids and tissues, suggesting that they may be involved in various physiological or pathological processes. Exosomes convey information by means of their vesicle contents and are considered to be the third type of signalling mechanism between cells, which is as important as cell contact-dependent signal transduction and signalling transduction mediated by soluble molecules (23) . Under physiological conditions, the contents of exosomes are precisely regulated by donor cells and reflect donor cell function. To exchange and transmit biological information between cells, the donor cell transfers genetic materials to target cells through the 'transportation' function of the exosomes (24) . Under pathological conditions, the diseased cells can also transfer their contents, such as viruses and miRNAs, to normal cells, and cause the normal cells to be become infected and cytopathic (25) , or transfer oncogenes to normal cells, leading to tumour invasion and metastasis (26).
Role of exosomes in tumour initiation and progression
Exosomes serve a dual role in tumour initiation and progression. On the one hand, the exosomes of normal cells can inhibit the proliferation of tumour cells by transferring tumour suppressor genes into the cancerous cells, allowing the tumour suppressor genes to block the corresponding signalling pathways (27, 28) . The exosomes of tumour cells can also induce specific antitumour effects. For example, dendritic cells have been shown to induce potent cluster of differentiation (CD)8 + T cell-dependent antitumour effects, suggesting that exosomes are relevant for immuno-interventions (29) . On the other hand, exosomes serve an important role in the tumoural process and have the ability to promote the occurrence, development and metastasis of tumours. The exosomes of cancerous cells, which can inhibit natural killer cells and cytotoxic T cells, promote tumour growth (30) ; they can transfer the genetic material of cancerous cells to normal cells, triggering the uninhibited growth and differentiation of normal cells, which could be one of the mechanisms of tumour invasion. Exosomes can also be transported by the blood and body fluids to other tissues and organs (31) . Therefore, exosomes are an important component of the tumour microenvironment, and are involved in cell signal transduction and the process of tumour formation and degradation. Tumour exosomes can assist in deciphering the process of tumour formation and metastasis, and provide novel approaches for the clinical diagnosis and treatment of tumours.
Role of exosomes in the occurrence and development of HCC
Role of exosome miRNAs in HCC. Several studies (32) (33) (34) have shown that specific miRNAs are associated with the occurrence and development of liver cancer. It has been demonstrated that the expression of miR-21, miR-221 and miR-222 is increased in liver cancer tissue compared with that in normal liver tissue (35) (36) (37) . By contrast, the expression of miR-122-a, miR-145, miR-199-a and miR-223 is decreased (34, (38) (39) (40) . In addition, miR-338 is closely associated with the characteristics of liver cancer, including tumour size, differentiation, vascular invasion and intrahepatic metastasis (41) . miR-221, miR-103, let-7a, miR-181c, miR-181a and miR-26a (Rg-6) are stably expressed in serum samples of HCC patients, and Fornari et al (42) also identified that an exosomal secretion of miR-519d, miR-21, miR-221 and miR-1228 was present in patients with HCC, together with an association between tissue and circulating levels of miR-519d, miR-494 and miR-21. Thus, miRNAs are important in the progression of liver cancer ( Fig. 1) (43) . With in-depth research on the transportation function of these vesicles, exosomal miRNAs have become a focus of attention. Exosomal miRNAs derived from HCC are summarized in Table I .
A large variation in miRNA expression levels exists between donor cells and their autocrine or paracrine exosomes. In Hep3B-derived exosomes, a total of 134 types of miRNAs have been identified. Of these, 55 were differentially expressed by >4-fold in exosomes compared with their donor cells; 25 of these miRNAs were enriched (up to 166-fold), and 30 miRNAs were depleted (up to 113-fold). It is particularly important to note that 11 types of miRNAs are only expressed in exosomes (20) . In another liver cancer cell line, SMMC-7721, exosomes were found in the cell culture supernatant. Compared with that in the donor cells, the miR-423-5p and miR-21-5p levels in the exosomes were not significantly different, whereas let-7d-5p, let-7b-5p and let-7c-5p exhibited lower levels of expression, and miR-486-5p and miR-10b-5p exhibited higher levels of expression (44) . Therefore, donor cells can determine the specific miRNAs loaded into the exosomes to achieve their functions.
miRNAs can be transferred between cells via exosomes and can affect target cells. For example, exosomes can transfer miR-122 between Huh7 and Hepg2 human liver cancer cell lines. Huh7 cell-derived exosomes transfer miR-122 to Hepg2 cells, which can inhibit the growth of Hepg2 cells and hasten the ageing process of these cells (45) . This transmission can also occur between different source cells; the exosomes derived from adipose mesenchymal stem cells can transfer miR-122 to Hepg2 cells (46) . In human and mouse liver cells and primary B cells, exosomes can shuttle between different cells and transfer endogenous miRNAs (47). Chiba et al (31) found that colon cancer cell-derived exosomes transferred miR-21, miR-192 and miR-221 to the liver cancer Hepg2 cell line and the lung cancer A549 cell line. Exosomes can also transport miRNAs to target cells and then act on the corresponding target genes to alter their functions. Lou et al (46) found that miR-122 could be transported to HCC cells via exosomes, which negatively regulated the target genes of miR-122 and improved the sensitivity of the HCC cells to chemotherapy drugs. Additionally, exosomal miR-718 can regulate the target gene homeobox B8 to inhibit the differentiation of liver HCC cells. Patients with low levels of serum-derived exosome miR-718 showed more tumour recurrence after liver transplantation (48) . Therefore, exosomes can transfer miRNAs between cells, and these miRNAs regulate gene expression in the target cells and serve important roles in tumour invasion, metastasis and drug resistance.
Exosome-mediated immune escape of HCC. Viral components can be assembled into exosomes. Exosomes derived from B cells infected with Epstein-Barr (EB) virus can be detected by the miRNAs of EB virus (49) . With regard to liver cancer, persistent infection with hepatitis virus is one of the most important factors in liver tumourigenesis. There is considerable evidence to suggest that soluble immunoregulatory molecules in the exosomes secreted by HepG2 cells significantly inhibit lymphocyte proliferation (50) . Recent evidence indicates that hepatitis A virus (HAV) can be protected from antibody-mediated neutralization by exosomes (51) . In addition, hepatitis C virus (HCV) released from donor cells by way of exosomes can infect other hepatocytes. One study reported that HCV-infected Huh7.5.1 liver cancer cells can transport HCV via exosomes, and that HCV then escapes immunological surveillance and infects intact Huh7.5.1 cells (52) . Another study showed that exosomes also mediated persistent HCV infection caused by autophagy (25), and a low Rab27a level resulted in decreased HCV RNA and protein levels in virus-infected cells (53) . Thus, exosomes can mediate the escape of hepatitis virus from the human immune system, resulting in persistent infection.
Exosome-mediated HCC metastasis and invasion. Exosomes are a unique and important mechanism for signal transduction between liver cancer cells and target cells. For example, the paracrine or autocrine exosomes of liver cancer cells are rich in small RNAs and proteins, and these RNAs and proteins can be transferred by exosomes to promote HCC cell metastasis (20) . Due to the natural transportation effect of the exosome, RNAs carried by exosomes can reach and impact distant cells and produce different cell phenotypes, and this may be an important mechanism of the distant metastasis of liver cancer (54) . For example, HCC cells pack selective miRNAs into exosomes by means of ceramide. These exosomes can regulate the expression and downstream signalling pathways of transforming growth factor-β-activated kinase 1 of target cells, and regulate the growth and apoptosis of transformed cells (20) .
In addition, certain RNAs can be transferred to other cells and tissues by means of exosomes and build a suitable microenvironment for tumour cell metastasis. A recent study suggested that in CD90 + liver cancer stem cells associated with the metastasis and recurrence of liver cancer, exosomes derived from CD90 + Huh7 cells could induce effects on tube formation and cell-cell adhesion of human umbilical vein endothelial cells (HUVECs). CD90
+ cells express the long non-coding RNA (lncRNA) H19 and release it via exosomes that are able to enter endothelial cells and transfer lncRNA H19 into the corresponding target cells, which upregulate the synthesis and release of vascular endothelial growth factor to stimulate angiogenesis and promote adhesion between CD90 + Huh7 cells and endothelial cells (26) .
In addition to small RNAs, exosomes can also transfer associated proteins to promote the invasion and metastasis of liver cancer. For example, the vasorin protein secreted by HCC Hepg2 cells can be transferred to HUVECs by exosomes and enhance the migration of HUVECs (55) . Accumulating evidence (10, 32, 41) suggests that exosomes from HCC cell lines with a high metastatic potential are rich in cancer-promoting mRNAs and proteins, such as proto-oncogene Met, S100 family members and the caveolins. One previous study further showed that the uptake of these shuttled molecules triggered phosphoinositide 3-kinase/AKT and mitogen-activated protein kinase signalling pathways in MIHA (an immortalized hepatocyte line), with increased secretion of active matrix metalloproteinase-2 (MMP-2) and MMP-9, which enhanced the invasion and metastasis of HCC cells (56) .
On the other hand, the exosomes from other cancer cells can also enhance the process of invasion and metastasis. A recent study demonstrated that exosomes derived from SW480 colorectal cancer cells induced the phosphorylation of extracellular signal-regulated kinase 1/2 following their uptake into Hepg2 cells and promoted recipient Hepg2 cell migration (57) . Therefore, in the microenvironment of liver cancer, the exosomes can be used to disseminate cancer genes and proteins, and they serve an important role in the process of the invasion and metastasis of liver cancer.
Applications of exosomes in HCC
Exosomes as diagnostic markers. Exosomes carry specific biomarkers derived from tumour cells, and the concentration of their contents is associated with the invasive ability of the tumour cells and the tumour microenvironment. Therefore, the basic information on the cancer cells can be obtained by analysis of the composition of exosomes, which suggests that the exosomes can serve as a tool for cancer diagnosis (Fig. 2) (58) . Owing to the protective lipid membrane of exosomes, their contents of DNA, RNA and protein cannot easily be degraded, which renders fresh and preserved samples available for analysis. More importantly, exosomes can be obtained from numerous body fluids, which makes detection of exosomes a promising method for tumour diagnosis and treatment, and possibly ideal for the method of 'liquid biopsy' (59) . Based on the analysis of a large number of serum samples, previous studies have found that the level of glypican-1-positive exosomes in the serum of pancreatic cancer patients is significantly higher than that in healthy individuals. A further study indicating that patients with early pancreatic cancer have a higher abundance of glypican-1-positive exosomes in the serum than healthy subjects provided an important basis for the application of exosomes to the early diagnosis of pancreatic cancer (60) . In addition, evidence indicates that miR-21 serves an important role in tumourigenesis and tumour development. As the miR-21 serum content of tumour patients is extremely low, previous studies had mainly focused on the detection of miR-21 expression level in the cancer tissue, which greatly limited the clinical utility of miR-21 as a diagnostic tumour marker (61) . A previous study (62) found that the miR-21 level in serum-derived exosomes increased significantly in patients with cancer, particularly in those with malignant glioma and oesophageal squamous carcinoma, compared with that in a healthy group, which suggests that exosomal miRNAs would likely become a marker for cancer diagnosis and treatment.
miR-21 can also be detected in the serum of patients with liver cancer and chronic hepatitis B (CHB). Compared with the CHB group and healthy individuals, the level of miR-21 expression in serum-derived exosomes of patients with liver cancer increased significantly and was associated with liver cirrhosis and liver cancer staging. More importantly, the abundance of exosomal miR-21 is significantly higher than that in whole serum, which indicates that exosomal miR-21 would be a more sensitive diagnostic marker (19) . Other exosomal miRNAs may also be diagnostic markers of liver cancer. For example, in the serum of patients with HCC, the exosomal contents of miR-18a, miR-221, miR-222 and miR-224 were found to be significantly higher than those in hepatitis and liver cirrhosis groups, whereas the expression levels of miR-101, miR-106b, miR-122 and miR-195 were significantly reduced (63) . For the identification of specific miRNAs in exosomes from the serum of patients with recurrent HCC, Sugimachi et al (48) compared the microarray-based expression profiling of miRs derived from exosomes in the serum of patients with and without HCC recurrence and found that decreased expression of miR-718 in the serum exosomes of HCC patients was associated with HCC tumour aggressiveness. However, the different expression of these miRNAs in serum exosomes remains controversial. For example, Wang et al (19) found that miR-21 was more easily detected in serum-derived exosomes than in complete serum of HCC patients. Compared with that in a CHB group and a healthy group, the miR-21 levels in serum-derived exosomes were significantly increased (30 samples per group). However, Sohn et al (63) found no significant difference in the level of miR-21 expression in the serum of HCC patients or liver cirrhosis patients (30 samples per group). It was hypothesized that the reported differences may be associated with the sample selection, the size of the sample and the appraisal method of the miRNAs.
TUC339 is an lncRNA that is highly enriched within extracellular vesicles (EVs) released from HCC-derived tumour cells (64) . This lncRNA has been implicated in modulating tumour cell growth and adhesion. The emerging data on lncRNAs indicate the presence of several tumour-associated lncRNAs, certain of which have been functionally linked to processes involved in tumour growth. The integrity and the functional role of tumour-specific lncRNAs within EVs have yet to be established, and their presence or enrichment within tumour cell-derived EVs suggests their potential as HCC biomarkers (65) .
Role of exosomes in chemotherapy drug resistance of HCC.
The development (46) of drug resistance is the main cause of failure of cancer chemotherapy. Liver cancer patients easily develop resistance to conventional chemotherapy drugs (Fig. 2) , such as 5-fluorouracil and doxorubicin. Therefore, it is urgent to improve the efficacy of liver cancer chemotherapy. miR-122, whose expression is significantly lower in HCC compared with normal liver tissue, serves multiple roles in the physiological and pathological processes of HCC (66) . Recent evidence indicates that miR-122 can alter the chemotherapeutic sensitivity of HCC cells by downregulating drug resistance-related genes, including multidrug resistance gene-1, glutathione S transferase-π and multidrug resistance-associated protein, and by regulating the expression of apoptosis-related genes, such as Bcl-2-like 2, and cell cycle-related genes, such as cyclin B1.
The adipose tissue-derived mesenchymal stem cell (AMSC) can also produce a large number of exosomes. Lou et al (46) found that AMSCs transfected with miR-122 can effectively assemble miR-122 into AMSC-secreted exosomes, which can then be transported into HCC cells and promote cell apoptosis and cell cycle arrest. miR-122 can negatively regulate the expression of its target genes, such as cyclin B1 and insulin-like growth factor 1 receptor, which may improve the sensitivity of HCC cells to chemotherapeutic drugs.
The exosomes of tumour cells are rich in heat shock protein (HSP) and common tumour antigen, which can be used as cell tumour vaccines, but the efficacy of these vaccines has been found to be limited (67) . One study (68) reported that exosome-immune mice can induce the response of cytotoxic T lymphocyte (CTLs) against targeted HCC cells. Following combined treatment with exosomes and cisplatin, HCC cells showed enhanced susceptibility to CTLs, which significantly prolonged the survival time of the mice. To further investigate this mechanism (68) , it was hypothesized that following immunization of mice with exosomes, FasL is expressed on spleen lymphocytes and binds to the Fas on the surface of target cells, which induces tumour cell apoptosis. The results indicate that exosomes can synergize with chemotherapeutic drugs and significantly enhance the antineoplastic effect of these drugs. On the other hand, exosomes can also induce drug resistance in HCC. Isolated exosomes from two invasive HCC cell lines were able to induce sorafenib resistance in vitro by the activation of the hepatocyte growth factor/c-Met/Akt signalling pathway and the inhibition of sorafenib-induced apoptosis. Sorafenib resistance was also induced in vivo by the inhibition of sorafenib-induced apoptosis. Furthermore, exosomes derived from highly invasive tumour cells exhibited greater efficacy compared with exosomes derived from less invasive cells (69) . The aforementioned studies have shown the important role of exosomes in the drug resistance of liver cancer cells, thus indicating a novel strategy for improving the effectiveness of chemotherapy when treating HCC.
Exosomes and immunotherapy for HCC. The shuttle of exosome-bound proteins and genetic material from one cell type to another suggests the feasibility of HCC immunotherapy. For example, miR-142 and miR-223 can be transferred from human macrophages to liver cells by exosomes and inhibit the proliferation or growth of tumour cells (27) . A previous study showed that bone marrow mesenchymal stem cells developed significant antitumour activity following sensitization with HCC cell-derived exosomes and inhibited the proliferation of HCC cells (Fig. 2) . These results suggested that sensitization with HCC cell-derived exosomes may be a novel type of antitumour therapy (70) . In addition, the immunogenicity of tumour cells can be enhanced by stimulating exosomes to secrete and express their contents. Drugs such as 5-Aza-2'-deoxycytidine (5-Aza-CdR) can directly inhibit DNA methylation and increase the corresponding gene expression. There is considerable evidence to suggest that 5-Aza-CdR can improve the antitumour immune response. Subsequent to treatment with 5-Aza-CdR, the levels of HSP70, human leucocyte antigen-I (HLA-I) and cancer/testis antigen 1 proteins were increased in exosomes produced by HCC cells, which provides evidence for 5-Aza-CdR-modified exosome-based anti-HCC immunotherapy (71) . MS-275, the histone deacetylase enzyme inhibitor, had a similar effect by promoting the release of HSP70, HLA-I and CD80 by HCC Hepg2 and Hep3B cells (72) . Anticancer drugs can also promote the production and release by Hepg2 cells of more exosomes carrying HSPs; these exosomes can induce HSP-specific natural killer (NK) cell activity, which has higher immunogenicity. In addition, adipose-derived mesenchymal stem cell-derived exosomes promoted NK and T-cell antitumour responses in rats, thereby facilitating HCC suppression associated with an early apparent increase of the diffusion coefficient and low-grade tumour differentiation (73) . However, there has been no report of the application of exosomes to the immunotherapy of HCC patients, and further studies are required.
Conclusion and future directions
Exosomes are a novel class of intercellular signal mediators that exhibit involvement in a number of pathological conditions, including HCC. The present review summarized the roles and probable mechanisms of exosomes in HCC, and showed the potential clinical applications of exosomes in the detection and treatment of the disease. However, the detailed mechanisms of exosomes in the invasion and metastasis of HCC are not fully understood, which hinders their application in the diagnosis and treatment of HCC. Future studies should focus on determining their mechanisms and identifying potential diagnostic and therapeutic strategies in HCC.
Multiple histopathological changes occur in HCC, including angiogenesis and increased vascular permeability, which are associated with tumourigenesis, progression, invasion and chemoresistance. Previous studies have shown that tumour exosome-secreted miR-105 destroys vascular endothelial barriers to promote metastasis in early-stage breast cancer (74) . The high level of expression of Vasorin in HCC cell exosomes could affect the migration of endothelial cells (56) . Close connections exist between endothelial cells, pericytes and exosomes. As HCC-derived exosomes are known to serve important roles in the tumour microenvironment, greater knowledge of the role of HCC-derived exosomes in angiogenesis, vascular function and structure will enhance our understanding of anti-angiogenesis therapy and possibly improve the efficiency of chemotherapy and radiation treatment.
Standard technology must be established as soon as possible for the purification and isolation of exosomes. As the extracellular milieu is complex, it is not easy to achieve separation of non-vesicular entities from exosomes (75) . A minimal set of biochemical, biophysical and functional standards is provided by the International Society for Extracellular Vesicles, which should be used for the attribution of any specific biological cargo or functions to extracellular vesicles (76) . However, the heterogeneity in size and the probable subpopulations of exosomes (77) suggest that further improvement of purification and characterization is required to obtain pure preparations and easily identify exosomes of interest.
With regard to clinical applications, exosomes have the potential to be used for the diagnosis and antitumour treatments of HCC. Clinical trials have been performed to improve the utilization by antigen-presenting activity and enhance the antitumour immune response (78, 79) , but their safety and efficacy require further confirmation. Therefore, a deeper understanding of exosomes in HCC should bring breakthroughs and transformative changes in the diagnosis and treatment of HCC in the future.
